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We study two-dimensional noncentrosymmetric nodal superconductors under Zeeman field and
clarify the field angle dependence of topological properties. It has been shown that the nodal
excitation acquires an excitation gap due to the Zeeman field perpendicular to anti-symmetric
spin-orbit coupling, and then gapful topological superconductivity is realized1. We show that the
system undergoes gapful-gapless transition against tilting of the field. The gapless phase remains
to show a finite band gap and unusual Majorana edge states in between the bulk bands. The
Majorana edge states naturally propagate in a same direction between oppositely-oriented edges.
We elucidate relations of such unidirectional Majorana edge states with chiral edge states in the
gapful topological superconducting phase and previously studied Majorana flat bands at zero Zeeman
field. A compact formula of topological invariants characterizing the edge states is given. The gapful-
gapless topological phase transition and associated evolution of Majorana states are demonstrated
in a model for D+p-wave superconductivity. Experimental realization in recently fabricated cuprate
heterostructures and heavy fermion thin films is discussed.
I. INTRODUCTION
Topological superconductivity is one of the fascinating
topics in modern condensed matter physics.2–4 In par-
ticular, topologically nontrivial superconducting phases
proposed in noncentrosymmetric systems attract much
attention.5–16 Inversion-symmetry breaking in crystal
structures induces antisymmetric spin-orbit coupling
(ASOC), and spin-momentum locking of electrons by
ASOC causes unusual magnetic responses much differ-
ent from centrosymmetric systems. For example, s-wave
Rashba superconductors (SCs) undergo topological tran-
sition at high magnetic fields, although centrosymmet-
ric s-wave SCs are topologically trivial.5–11 Further re-
search of noncentrosymmetric SCs may identify a variety
of topological phases which can not be achieved in cen-
trosymmetric SCs.
Recently, a scenario for realizing gapful topolog-
ical superconductors (TSCs) was proposed:1,17 Two-
dimensional (2D) nodal noncentrosymmetric SCs are
gapped under the Zeeman field perpendicular to the
momentum-dependent spin polarization axis by ASOC.
They become 2D strong TSCs of symmetry class D18–23,
when the spin-singlet-dominant Cooper pairing causes
superconductivity. In sharp contrast to the topological
s-wave superconductivity studied in the literature,5–11
any fine tuning of parameters is not required to real-
ize the topological order. However, previous studies
(Refs. 1 and 17) focused on the Zeeman field perpendicu-
lar to the ASOC, and the field-angle dependence has not
been uncovered. We show that the Pauli-pair-breaking
effect makes the excitation gapless under the tilted Zee-
man field, and then the intriguing gapless topological su-
perconducting phase is realized.
In this paper, we study the topological phase transi-
tions in the tilted Zeeman field and clarify the topological
nature of each superconducting phase. First, we show
the gapful-gapless transition in the bulk energy spec-
trum by tilting the Zeeman field. The stability of the
gapful phase against a considerable tilting angle is re-
vealed. Second, three kinds of topological edge states
associated with topological phase transitions are eluci-
dated: (1) Majorana flat bands in the absence of Zeeman
field24–26, (2) chiral Majorana edge states under the per-
pendicular Zeeman field1,17, and (3) unidirectional Ma-
jorana edge states27,28 in the gapless phase under the
tilted Zeeman field. Unidirectional Majorana edge states
propagate in the same direction on both oppositely ori-
ented edges, owing to the synergy of inversion-symmetry
breaking and time-reversal-symmetry breaking. Our ar-
guments are based on the general Bogoliubov-de Gennes
(BdG) Hamiltonian without assuming specific symmetry
of the order parameter. Thus, the results obtained below
are valid for most of the dominantly spin-singlet non-
centrosymmetric superconducting states with nodal gap.
The general results are demonstrated in a model of the
D+ p-wave Rashba SC which may be realized in high-Tc
cuprate heterostructures and heavy-fermion thin films.
The outline of this paper is as follows: In Sec. II, we
calculate the energy spectrum of generic nodal noncen-
trosymmetric SCs under the low Zeeman field and illus-
trate the gapful-gapless transition in the tilted field. In
Sec. III, we demonstrate the gapful-gapless transition in
D+ p-wave superconductivity. In Sec. IV, a unified view
of topological phase transitions and associated topologi-
cal edge states is given. In Secs. IV A and IV B, we review
Majorana flat bands and chiral Majorana edge states, re-
spectively. In Sec. IV C, we show the emergence of unidi-
rectional Majorana edge states from Majorana flat bands.
These results are illustrated by the model for D + p-
wave superconductivity. In Sec. V, the generality of the
method for realizing unidirectional Majorana edge states
is clarified. It is shown that we can choose a boundary
direction hosting Majorana flat bands in noncentrosym-
metric nodal SCs, regardless of the pairing symmetry of
superconductivity. Then, the applied Zeeman field real-
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2izes unidirectional Majorana edge states. Finally, we give
a brief summary of the paper in Sec. VI. Heterostructures
of high-temperature cuprate SCs and heavy fermion SCs
are discussed as a platform of the topologically nontrivial
gapful and gapless phases.
II. ENERGY SPECTRUM OF
NONCENTROSYMMETRIC NODAL SCs UNDER
ZEEMAN FIELD
First, we introduce a general model for noncentrosym-
metric SCs and discuss the excitation spectrum. We
adopt a Bogoliubov-de Gennes (BdG) Hamiltonian
HBdG(k) =
(
HN (k) ∆(k)
∆(k)† −HN (−k)T
)
, (1)
where HN (k) ≡ ξ(k)+αg(k)·σ−µBH ·σ is the Hamilto-
nian in the normal state and ∆(k) ≡ (ψ(k)+d(k) ·σ)iσy
is the superconducting gap function. ξ(k) is the kinetic
energy of electrons measured from a chemical potential
µ, g(k) is the g vector of ASOC, and H is the Zeeman
field. The scalar order parameter of the spin-singlet com-
ponent is denoted by ψ(k), while d(k) is the vector order
parameter of spin-triplet one. Both ψ(k) and d(k) take
finite value because of the parity-mixing due to inversion-
symmetry breaking.29
The BdG Hamiltonian given by Eq. (1) assumes
vanishing center-of-mass momentum of Cooper pairs.
Strictly speaking, Cooper pairs may have finite
center-of-mass momentum qH in noncentrosymmet-
ric SCs under Zeeman fields, referred to as he-
lical superconductivity30–32, or Fulde-Ferrell-Larkin-
Ovchinnikov superconductivity33,34. However, the in-
duced momentum qH is negligibly small under the low
Zeeman field35 and, therefore, the following results ob-
tained from Eq. (1) are not altered by introducing finite
qH .
In this paper, we consider weak-coupling SCs which
preserve time-reversal symmetry unless the Zeeman field
externally violates it. We ignore small modification of
ψ(k) and d(k) by low Zeeman fields, and then we can
take ψ(k) and d(k) to be real. The energy spectrum of
the Bogoliubov quasiparticle under low Zeeman fields is
given by Ref. 1:
E+ = −µBH · gˆ
±
√
E2+ +
∣∣ψ + d · gˆ∣∣2 + ∣∣µBH · gˆ × d/αg∣∣2, (2)
E− = +µBH · gˆ
±
√
E2− +
∣∣ψ − d · gˆ∣∣2 + ∣∣µBH · gˆ × d/αg∣∣2, (3)
where E±(k) ≡ ξ(k) ± αg(k) = 0 gives the two Fermi
surfaces (FSs) split by ASOC. g(k) ≡ |g(k)| and gˆ(k) ≡
g(k)/g(k) are amplitude and direction of the g vector,
respectively. Here the argument of E±(k), E±(k), ψ(k),
FIG. 1. (Color Online) Illustration of gapful-gapless tran-
sition. We show energy spectrum around one of the nodal
points on the E+ Fermi surface, assuming µBH · gˆ×d/αg ≥ 0
and µBH · gˆ ≥ 0 without loss of generality. (a) A point node
in the absence of the Zeeman field, which is regarded as a
massless Dirac cone. (b) The point node acquires a gap un-
der the perpendicular field, leading to a massive Dirac cone.
(c) Slightly tilted Zeeman field shifts the Dirac cone. The
excitation remains gapful. (d) Gapless excitation spectrum
under highly tilted Zeeman fields. (e) Spectrum under the
parallel Zeeman field. The band gap closes.
(a) (b) (c)
FIG. 2. Illustration of (a) perpendicular, (b) tilted, and (c)
parallel Zeeman field. They are defined in terms of the plane
spanned by g(k) and d(k), and may be different from the
2D plane of the system. In realistic SCs gˆ(k) × d(k) 6= 0 is
satisfied at general k,1 and the above definition is well-defined.
d(k), g(k), and gˆ(k) is omitted, for simplicity. Equations
(2) and (3) are valid when the conditions
µBH  αg(k), (4)
|ψ(k)|  αg(k), (5)
d(k) αg(k), (6)
are satisfied, where we denoted H ≡ |H| and d(k) ≡
|d(k)|. Hereafter, we focus on the low Zeeman field sat-
isfying Eq. (4) around originally nodal points.
It is indicated from Eqs. (2) and (3) that the cooper-
ation of inversion-symmetry breaking and time-reversal-
symmetry breaking effectively realizes chiral supercon-
ductivity. The imaginary part of the gap function
µBH · gˆ × d/αg is given by the scalar product of the
Zeeman field, g vector of ASOC, and vector order pa-
rameter. In order to see the effects of ASOC and the
Zeeman field, let us focus on the low energy spectrum.
The nodal point k0 at H = 0 is given by E±(k0) =
ψ(k0)± d(k0) · gˆ(k0) = 0, leading to the massless Dirac
cone illustrated in Fig. 1(a). When the Zeeman field
is applied perpendicular to the plane spanned by d(k0)
and g(k0) [see Fig. 2(a)], the energy spectrum is gapped
out as illustrated in Fig. 1(b). The induced energy gap
is given by the mass term µBH · gˆ × d/αg. When we
slightly tilt the field as in Fig. 2(b), the spectrum shifts
owing to the paramagnetic term ±µBH · gˆ. However, the
3FIG. 3. (Color Online) Schematic figures of the paramagnetic
shift of Dirac points. (a) Energy bands of electrons in the
absence of Zeeman field. (b) Energy bands under the parallel
Zeeman field. We choose the horizontal k-axis so that H ‖
gˆ(k). Bogoliubov quasiparticle spectrum (c) in the absence
of Zeeman field and (d) under the parallel Zeeman field. We
show the Dirac points by red circles.
spectrum remains gapful as long as
|µBH · gˆ| < |µBH · gˆ × d/αg|, (7)
is satisfied around k0 [Fig. 1(c)]. Further tilting violates
the condition (7) and makes the excitation gapless, as
shown in Fig. 1(d). Finally, the parallel Zeeman field in
the plane of d(k0) and g(k0) [Fig. 2(c)] closes the band
gap at k = k0 [Fig. 1(e)].
The response to the Zeeman field may differ from nodes
to nodes. Therefore, global excitation gap ∆E is given
by the minimum of the local energy gap among massive
Dirac cones at originally nodal points. Gapful-gapless
transition occurs when one of the massive Dirac cones
crosses the Fermi level and ∆E vanishes.
Note that both inversion-symmetry breaking and time-
reversal-symmetry breaking are essential for the shift of
the Dirac spectrum from E = 0. Otherwise, the BdG
Hamiltonian has a symmetric spectrum with respect to
E = 0, and then the center of the Dirac cones is pinned
to E = 0. For an intuitive understanding of this point,
we show schematic figures in Fig. 3. Figure 3(a) illus-
trates the dispersion relation E± on a certain line in the
Brillouin zone (BZ) respecting the particle-hole symme-
try. The spin degeneracy is lifted except for at the time-
reversal-invariant momentum, and spins are aligned in
each band along the direction ±gˆ, as a result of inversion-
symmetry breaking. When the Zeeman field is applied
parallel to the g vector, the E±-band is deformed asym-
metrically in terms of k = 0 (time-reversal-invariant mo-
menta) [Fig. 3(b)]. The Bogoliubov quasiparticle spec-
trum is shown in Figs. 3(c) and 3(d). Around the nodal
points where ∆(k) = 0, the quasiparticle spectrum is de-
scribed by the set of E±(k) and −E±(−k) (which may
be modified by the Zeeman field) owing to the particle-
hole symmetry. The Dirac points are pinned to the zero
energy E = 0 at H = 0 [Fig. 3(c)], while Dirac cones are
shifted by the Zeeman field [Fig. 3(d)]. When ∆(k) 6= 0,
the Dirac spectrum may be gapped.
III. ILLUSTRATION OF GAPFUL-GAPLESS
TRANSITION IN D + p-WAVE SC
So far we have not assumed any specific symmetry of
superconductivity. In this section, we demonstrate the
gapful-gapless transition illustrated in Sec. II through
the analysis of a model for D + p-wave superconduc-
tivity. The critical angle of the Zeeman field for the
gapful-gapless transition is estimated, and the stability
of the gapful TSCs against experimentally unavoidable
field-angle fluctuations is shown.
We consider a 2D D + p-wave SC, taking
ξ(k) = −2t(cos kx + cos ky) + 4t′ cos kx cos ky − µ, (8)
H = H(sin θ cosφ, sin θ sinφ, cos θ)T , (9)
g(k) = (− sin ky, sin kx, 0)T , (10)
ψ(k) = ψ0(cos kx − cos ky), (11)
d(k) = d0(sin ky, sin kx, 0)
T . (12)
In the absence of the Zeeman field, the bulk spectrum
has eight excitation nodes at intersections of the diagonal
directions kx = ±ky and the two FSs split by the ASOC
[Fig. 4(a)].
Since the model includes the Rashba-type ASOC, the
perpendicular direction defined by Fig. 2(a) is along the
c-axis (θ = 0). Under the Zeeman field in the perpendic-
ular direction, we have H · gˆ = 0 and obtain the gapful
bulk spectrum in Fig. 4(b). The excitation gap is esti-
mated from Eqs. (2) and (3),∣∣µBH · gˆ × d/αg ∣∣nodes = d0µBHα (θ = 0). (13)
For the Zeeman field tilted from the perpendicular di-
rection, the paramagnetic term
µBH · gˆ
∣∣
nodes
= ±µBH sin θ sin(φ± pi/4) (14)
in Eqs. (2) and (3) shifts the Dirac cones, and the mass
term reduces to∣∣µBH · gˆ × d/αg ∣∣nodes = d0µBH| cos θ|α .
The competition between those two terms determines the
gapful-gapless transition. The global excitation gap ∆E
is obtained as
∆E = max
[
0, min
nodes
{− |µBH · gˆ|+ |µBH · gˆ × d/αg|}],
(15)
= max
[
0, min±
{−µBH |sin θ sin(φ∓ pi/4)|
+ d0µBH| cos θ|/α
}]
. (16)
4(a) µBH = 0 (b) θ = 0 (c) θ = pi/4 (d)
FIG. 4. (Color online) Bulk energy spectrum of a D + p-wave SC (a) in the absence of Zeeman field, and (b,c) under Zeeman
field µBH = 0.3. (b) The Zeeman field is perpendicular to g(k) and d(k) (θ = 0). (c) Zeeman field is tilted and we take
θ = pi/4 and φ = 3pi/4. We choose t = 1, t′ = 0.2, µ = −0.79, α = 0.3, ψ0 = 0.5, and d0 = 0.1. (Comparably large order
parameters and Zeeman field are adopted for visibility.) (d) The angle of Zeeman field is represented by a sphere. The gapful
(gapless) topological superconducting phase is shown by purple (gray). We use Eq. (17) for d0/α = 0.1.
Equation (16) ensures that ∆E is finite in a certain an-
gle region around θ = 0 and θ = pi [see Fig. 4(d)], in-
dicating the gapful superconducting state. The gapful
state changes to be gapless by tilting the Zeeman field
from θ = 0 toward θ = pi/2. Figure 4(c) shows typical
bulk bands in the gapless phase. Note that we choose
φ = 3pi/4 and hence, the paramagnetic term vanishes at
nodal points on the kx = −ky line.
The critical angle of the gapful-gapless transition θc(φ)
is given by
d0
α
= | tan θc(φ)|max± | sin(φ± pi/4)|. (17)
Equation (17) approximately consists of four polar equa-
tions whose solution is a straight line, and therefore, the
gapful region is two nearly square sheets around θ = 0
and θ = pi [Fig. 4(d)]. The critical angle θc is roughly es-
timated to be as large as 6◦ in cuprate heterostructures,
by adopting d0/α ∼ ψ0/EF ∼ 1/10.36,37 Thus, a large
critical angle is obtained in high-temperature supercon-
ductors with large Tc/EF even when the spin-orbit cou-
pling is small. The obtained value 6◦ is much larger than
the experimental uncertainty of the field angle. Thus,
we conclude that the paramagnetically induced excita-
tion gap is robust against angle fluctuations. Since this
gapful superconducting state is known to be topologically
nontrivial and specified by the Chern number −4,1,17 it
is also concluded that the gapful TSCs are robust against
field-angle fluctuations.
IV. UNIFIED VIEW OF TOPOLOGICAL EDGE
STATES IN NONCENTROSYMMETRIC SCs
In the following part of this paper, we investigate the
edge states in noncentrosymmetric SCs described by the
Hamiltonian given by Eq. (1). In particular, we clar-
ify the relationship between a variety of topological edge
states under zero and low Zeeman fields. A unified view
on the Majorana flat band, chiral Majorana edge state,
and unidirectional Majorana edge state is discussed.
A. Majorana flat bands in time-reversal-symmetric
phase
First, we review the well-known Majorana flat bands
in the time-reversal symmetric nodal SCs24–26 from the
perspective of the formulas obtained in Ref. 1. Topolog-
ical invariants of the nodal (weak) topological SCs may
be given by the one-dimensional (1D) winding number of
class AIII:24–26
W (kx) ≡ −
∫ pi
−pi
dky
4pii
tr
[
ΓHBdG(k)
−1 ∂
∂ky
HBdG(k)
]
,
(18)
where Γ is a chiral operator and the chiral symmetry of
HBdG is expressed as:
Γ ≡
(
0 σy
σy 0
)
, {Γ, HBdG(k)} = 0. (19)
The chiral symmetry is obtained by combining particle-
hole symmetry with time-reversal symmetry. Below, we
show a compact formula for the winding number W (kx).
Note that the winding number is antisymmetric with
respect to kx, because of the time-reversal symmetry
38:
W (kx) = −W (−kx). (20)
In particular, the winding number vanishes at time-
reversal-invariant momenta. Thus, we obtain W (−pi) =
0, when the bulk spectrum at kx = −pi is gapful.
In previous studies, Refs. 24 and 25, the winding num-
ber has been estimated by numerical calculations or by
using a formula requiring us to trace sign changes of the
energy and order parameter along the ky line. However,
the winding number can be obtained by a more compact
formula: all we have to do is to calculate the “winding
number of nodes.”
5In the absence of the Zeeman field, nodal points are in-
deed protected by the winding number defined in a sim-
ilar form,26
W±(k0) ≡ −
∮
C±(k0)
dk
4pii
· tr [ΓHBdG(k)−1∇kHBdG(k)] ,
(21)
where C±(k0) is a sufficiently small loop running anti-
clockwise around the nodal point k0 on the FS of the E±
band. The winding number of nodes given by Eq. (21),
is expressed by a simple formula1,
W±(k0) = −sgn
[
∂(ψ ± d · gˆ)/∂k‖
]
k0
, (22)
where k‖ is a coordinate taken parallel to the E± FS
viewing the E± > 0 region in the right-hand side,
∂/∂k‖ ≡ kˆ‖ · ∇k, (23)
kˆ‖ ≡ zˆ ×∇kE±(k)|zˆ ×∇kE±(k)| . (24)
Now the winding number W (kx) can be evaluated by
counting the winding number of nodes. The periodicity
of the BZ allows us to form a loop by combining the
integration line kx = k˜x with the line kx = −pi. Thus,
we obtain
W (k˜x) = W (−pi) +
∑
(±,k0);
encircled
W±(k0) (25)
=
∑
(±,k0);
encircled
W±(k0), (26)
where the summation is taken over the nodes encircled
by the loop, that is, nodes in the domain −pi < kx <
k˜x.
39 The compact formula given by Eq. (26) is valid
when the bulk excitation is gapped at kx = −pi. It is
straightforward to derive similar formulas taking other
time-reversal invariant momenta (TRIM) instead of kx =
−pi in such a situation.
The formula (22) is furthermore simplified in the usual
cases. To be specific, we consider spin-singlet supercon-
ductivity slightly admixed with spin-triplet superconduc-
tivity. (Results for spin-triplet-dominant SCs are easily
reproduced by replacing ψ by ±d · gˆ in the following re-
sults.) Then, we obtain
W±(k0) = −sgn [∂ψ/∂k‖]k0 . (27)
Equation (27) reveals that the winding number of nodes
is determined only by the gradient of ψ at the node.
To show the usefulness of the formula, we consider
the dx2−y2 superconductivity with the gap function
ψ(k) = |ψ0|(cos kx − cos ky) and the Rashba-type ASOC
in Eq. (10). Nodes on diagonal axes are characterized by
the winding number +1 or −1, as shown in Fig. 5(a) by
red circles and green squares, respectively. The winding
FIG. 5. (Color Online) FSs and nodal points of a dx2−y2 -wave
SC in the BZ for crystal translation vectors (a) { xˆ, yˆ }, and
(b) { a, b }. Red lines in (a) show FSs for µ = −0.79 in the
model for D + p-wave SC (Sec. III). Red circles and green
squares show the nodes with winding number +1 and −1,
respectively. In the shaded region ψ(k) > 0. Purple arrows
indicate the direction of kˆ‖.
number of nodes is −1 (green squares) in the first quad-
rant, since the sign of ψ changes from negative (white re-
gion) to positive (shaded region) along the kˆ‖ direction.
Since the order parameter ψ is C4-odd, the winding num-
ber of nodes is +1, −1, and +1 in the second, third, and
fourth quadrant, respectively. In this way, we can easily
attribute winding number ±1 to nodes in general.
Now the winding number W (kx) is evaluated from the
formula (26). In the dx2−y2 -wave SC, nodes with wind-
ing number ±1 form a pair on a line along the ky axis.
Therefore, contributions to W (kx) are completely can-
celed out. Thus, we obtain W (kx) = 0. In accordance
with the bulk-edge correspondence, the edge state does
not appear on the (010) edge as shown in Fig. 6(c).
The situation is totally different on the (11¯0) edge.
To analyze the topological edge state, let us change the
crystal translation vectors as
{ xˆ, yˆ } → { a ≡ xˆ+ yˆ, b ≡ yˆ } , (28)
and consider the open (periodic) boundary condition in
the b (a) direction [Fig. 7(b)]. Reciprocal lattice vectors
corresponding to { a, b } are given by
{α ≡ xˆ, β ≡ −xˆ+ yˆ } , (29)
and wave numbers in the bulk are represented as
k = kaα+ kbβ, (30)
ka ≡ kx + ky, kb ≡ ky. (31)
Only ka is a good quantum number for the ribbon-shaped
boundary condition.
The winding number W (ka) is defined in the same way
as Eq. (18), and the integration path should be taken
parallel to the kb axis. Figure 5(b) shows that the nodal
points projected to the ka axis are placed at ka = 0, ±k1,
6(a) µBH = 0 (b) µBH = 0
(c) µBH = 0 (d) µBH = 0
FIG. 6. Energy spectrum of a D + p-wave SC in the absence
of Zeeman field. Parameters used are the same as Fig. 4(a).
(a,b) Bulk energy spectrum projected onto the edge BZ for
(a) the (010) edge and (b) the (11¯0) edge. (c,d) Spectrum
of ribbon-shaped systems for open boundary condition along
(c) the (010) edge and (d) the (11¯0) edge. No edge states
appear on the (010) edge, while Majorana flat bands appear
on the (11¯0) edge at momenta |ka| . pi. Note that the bulk
spectrum around ka ' 0 is gapless although a small gap is
induced by the finite-size effect. We take 200 lattice sites in
the b direction.
FIG. 7. (Color Online) Illustration of boundary conditions
and crystal translation vectors for (a) { xˆ, yˆ } and (b) { a, b }.
Black lines represent the open boundary. Corresponding to
numerical results in Fig. 6, we show Majorana flat bands by
gray lines on the (11¯0) and (1¯10) edges in (b).
and ±k2. Then, the formula (26) immediately reads
W (ka) =

0 (−pi < ka < −k2)
−1 (−k2 < ka < −k1)
−2 (−k1 < ka < 0)
2 (0 < ka < k1)
1 (k1 < ka < k2)
0 (k2 < ka ≤ pi)
, (32)
which is consistent with the result for dxy + p-wave
superconductivity,25 as expected. According to the bulk-
edge correspondence, the finite winding number ensures
the presence of Majorana flat bands25. Indeed, Fig. 6(d)
shows the Majorana flat bands on the (11¯0) edge.
Summarizing, the time-reversal-invariant nodal non-
centrosymmetric SCs are weak TSCs characterized by
the 1D winding number of class AIII. The Majorana flat
band may appear in the edge state, depending on the
boundary direction. The condition for the Majorana flat
band is immediately understood by the compact formula
for the winding number given by Eq. (26).
B. Chiral Majorana edge states in gapful
topological superconducting phase
Now we turn to the time-reversal-symmetry-broken
state by the Zeeman field. As we have already mentioned
in Sec. II, the energy spectrum is gapful under the condi-
tion given by Eq. (7). Gapful SCs without time-reversal
symmetry belong to the symmetry class D, and thus the
topological invariant is the Chern number defined by40
ν ≡
∫
d2k
2pii
∑
i,j; n∈P
ij
∂
∂ki
〈un(k)| ∂
∂kj
|un(k)〉 , (33)
where ij is the completely antisymmetric tensor, |un(k)〉
is the Bloch wave function of quasiparticles, and P is the
set for occupied bands:
P ≡ { n | En(k) < 0 } . (34)
The analytic formula for the Chern number has been ob-
tained in Ref. 1:
ν =
∑
(±,k0)
1
2
sgn
[
∂(ψ ± d · gˆ)/∂k‖
µBH · gˆ × d/α
]
k=k0
, (35)
E±(k0) = ψ(k0)± d(k0) · gˆ(k0) = 0, (36)
under the conditions given by Eqs. (4)-(6). The system
under consideration can be regarded as a set of massive
Dirac cones as illustrated in Fig. 4(b). Equation (35)
shows that the Chern number is represented by Berry
curvature around the massive Dirac cones placed at orig-
inally nodal points given by Eq. (36). The formula (35)
is reasonable because the Chern number is ensured to be
zero by the chiral symmetry in the absence of the Zee-
man field and the low Zeeman field changes the Berry
curvature only around the Dirac points1.
In the previous study we have shown that the Chern
number is finite in most of the spin-singlet-dominant
SCs.1 Then, the chiral Majorana edge states appear re-
gardless of the boundary direction. For instance, our
numerical result for the D + p-wave superconductiv-
ity shows chiral edge modes on both (010) and (11¯0)
edges: Figs. 8(a) and 8(b) show the bulk energy spec-
trum projected onto the kx and ka axis, respectively,
while Figs. 8(c) and 8(d) show the energy spectrum of
the ribbon-shaped system with open boundary condition
in the yˆ and b direction, respectively. The configura-
tion of edge states in real space is schematically shown
in Figs. 9(a) and 9(b).
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FIG. 8. (Color online) Energy spectrum of a D + p-wave SC
under the perpendicular Zeeman field. Parameters used are
the same as Fig. 4(b). (a,b) Bulk energy spectrum projected
onto the edge BZ for (a) the (010) edge and (b) the (11¯0) edge.
(c,d) Spectrum of ribbon-shaped systems for open boundary
condition with (c) the (010) edge and (d) the (11¯0) edge.
Red lines show edge modes on one of the edges, and green
ones show those on the opposite side. More precisely, red
points indicate the states with mean position 〈yˆ〉 , 〈b〉 < L/4
(L = 200 is the number of lattice sites), while green points
indicate the satates with mean position 〈yˆ〉 , 〈b〉 > 3L/4. Gray
dashed lines show E = 0.
FIG. 9. (Color Online) Illustration of edge states on (a) the
(010) edge and (b) the (11¯0) edge. The arrows represent the
edge modes shown by the same color in Fig. 8.
As shown by our previous study, the Chern number
is finite in the wide parameter regime for spin-singlet-
dominant SCs1, and therefore, the gapful topological
superconductivity accompanied by the chiral Majorana
edge states is one of the ubiquitous topological phenom-
ena in originally nodal SCs gapped by the Zeeman field.
C. Unidirectional Majorana edge states in gapless
topological superconducting phase
When the Zeeman field is tilted from the perpendicular
direction illustrated in Fig. 2(a), the condition given by
Eq. (7) will be broken. Then, the energy spectrum be-
comes gapless and the Chern number is ill defined. Nev-
ertheless, we can define another topological number ν˜ by
a straightforward extension of ν:
ν˜ ≡ ν|P→P˜ , (37)
P˜ ≡ { n | hole bands } . (38)
Here, hole bands mean the lower N bands, provided the
BdG Hamiltonian is a 2N × 2N matrix. In the present
case, N = 2. We call ν˜ the band Chern number. In
Eq. (38), “hole bands” are well defined because the band
gap between the electron bands and the hole bands is
given by the finite mass term 2|µBH · gˆ × d/αg|, even
when the bands cross the Fermi level [see Fig. 1(d)]. The
formula of the Chern number for gapful states is straight-
forwardly extended to the band Chern number in the
gapless states, and indeed Eq. (35) gives the band Chern
number. This is simply proved by repeating the deriva-
tion of Eq. (35).
The band Chern number characterizes unidirectional
Majorana edge states in the gapless phase. They are uni-
directional in the sense that edge states in oppositely
oriented edges have the same chirality. Indeed, we can
see that unidirectional Majorana edge states naturally
appear under tilted Zeeman field. Let us consider a
boundary which hosts Majorana flat bands in the ab-
sence of Zeeman field [Fig. 10(a)]. Then, the flat bands
connect projections of nodal points. Under the perpen-
dicular Zeeman field, the chiral Majorana edge states
naturally come out between two massive Dirac cones
[Fig. 10(b)]. When the bulk spectrum is shifted to be-
come gapless, the edge states may remain to exist, as
shown in Fig. 10(c), because the band touching in the
bulk is prohibited. Thus, unidirectional Majorana edge
states naturally appear as a residue of chiral Majorana
edge states. Although we have considered tilting from the
perpendicular direction, the above discussions are valid
even for a nearly parallel field, since the band Chern num-
ber remains well defined and finite.
An important difference from the chiral Majorana
edge states is that the existence of unidirectional Ma-
jorana edge states depends on the boundary direction.
The boundary hosting the unidirectional Majorana edge
states is almost the same as that for the Majorana flat
bands. For example, let us consider a boundary direction
hosting a Dirac spectrum around which several Dirac
cones in the bulk are overlapped and the 1D winding
number given by Eq. (18) vanishes. This is the case of
a D + p-wave SC with a (010) edge. In such case, the
Majorana flat bands do not appear at H = 0 [Fig. 10(d)].
In the gapful topological superconducting state, the chi-
ral edge states would be like Fig. 10(e). When the sys-
tem becomes gapless, band overlapping in the surface BZ
would occur, as shown in Fig. 10(f), and then the edge
states no longer exist. In this way, the unidirectional Ma-
jorana edge states can also be regarded as a residue of
the Majorana flat bands. When the latter appears on a
boundary, the gapless topological phase is accompanied
by the former.
8FIG. 10. Schematic figures for unidirectional Majorana edge
states. Bulk bands are shown by purple, edge states by red,
and those on the oppositely-oriented edge by green. (a) Ma-
jorana flat bands, (b) chiral Majorana edge states in a gapful
TSC, and (c) their residue in a gapless phase, for boundaries
hosting Majorana flat bands at H = 0. (d)-(f) Those on the
boundary which does not host Majorana flat bands. (f) Edge
states are absorbed into the bulk states in the gapless phase.
The nontrivial band Chern number does not prohibit
band overlapping in the surface BZ, although it pro-
hibits band touching in the bulk. Even if bulk bands
are well-separated in the 2D momentum space, the pro-
jected bands onto a k axis may overlap. In such band-
overlapping situations, the residue of chiral Majorana
edge states is absorbed into the bulk states. Thus, unidi-
rectional Majorana edge states appear on the boundary
avoiding band overlapping.
The transition between the Majorana flat bands, the
chiral Majorana edge states, and the unidirectional edge
states presented above is quite general for noncentrosym-
metric spin-singlet SCs with a nodal gap. Actually, the
above discussion assumes only the presence of Majorana
flat bands in the absence of the Zeeman field, and the Ma-
jorana flat bands generally exist in nodal noncentrosym-
metric SCs when we choose appropriate boundary direc-
tions, as shown in Sec. V.
Next, we illustrate the appearance of unidirectional
Majorana edge states in the model for D + p-wave su-
perconductivity, given by Eqs. (8)-(12). The transition
from the Majorana flat bands and chiral Majorana edge
states to the unidirectional edge states is clarified.
First, we show the bulk energy spectrum in Figs. 11(a)
and 11(b), which are obtained by the projection onto
the xˆ and α directions, respectively. The tilting angle
of the Zeeman field, θ = pi/4 and φ = 3pi/4, leads to
the gapless topological superconducting state with the
nontrivial band Chern number ν˜ = −4. It should be
noticed that the band overlapping occurs on the (010)
edge, but not on the (11¯0) edge.
Figures 11(c) and 11(d) show the spectrum of ribbon-
shaped systems with open boundary condition corre-
sponding to Figs. 11(a) and 11(b), respectively. We in-
deed see the unidirectional Majorana edge states only on
the (11¯0) edge [Fig. 11(d)]. In this case, smooth transi-
tions in the edge states are clearly observed. Majorana
flat bands in Fig. 6(d) are deformed into the chiral Ma-
jorana edge states in Fig. 8(d) and unidirectional Majo-
rana edge states in Fig. 11(d) under the Zeeman field. On
the other hand, the chiral edge states on the (100) edge
[Fig. 8(c)] are absorbed into the overlapped bulk bands
[Fig. 11(c)].
Although edge states around ka ∼ 0 are counterpropa-
gating and similar to the chiral Majorana edge states in
Fig. 8(d), those around ka = ±pi are remarkably altered
from Fig. 8(d): A chirality of the edge mode changes, and
the edge states propagate in the same direction on both
sides of the edges, as schematically depicted in Fig. 11(g).
Thus, Fig. 11(d) shows an example of unidirectional Ma-
jorana edge states: the net chirality of the two edge
modes is unidirectional, although the other two modes
are counterpropagating.
It should be noted that the edge current of unidirec-
tional edge states is not conserved within themselves.
However, the gapless bulk states compensate the edge
current and the total current may be conserved, as
pointed out in Ref. 27. For this reason, unidirectional
Majorana edge states are unique to gapless topological
superconducting phases.
So far, we have analyzed properties of unidirectional
Majorana edge states for the azimuths angle of the Zee-
man field φ = 3pi/4. In general, edge states depend on
φ. Figure 11(f) shows the energy spectrum on the (11¯0)
edge for φ = 0. In this case, edge states around ka ∼ 0
are absorbed into the bulk states because of the band
overlapping. On the other hand, the unidirectional edge
states around ka ∼ ±pi are robust. As illustrated above,
a part of the edge states may disappear owing to the
band overlapping. Even then, the other part of the edge
states is separated from bulk bands when a suitable field
direction is chosen.
Related to the topological phase transition, we com-
ment on the case of the parallel Zeeman field θ = pi/2
illustrated in Fig. 2(c). Then, the mass term giving rise
to the gap in the Dirac spectrum vanishes. Accordingly,
the band Chern number changes from −4 to 4 through
θ = pi/2. It is proven that the band Chern number must
change the sign at θ = pi/2, simply because the field H
with pi/2 < θ < pi is equivalent to the field −H with
0 < θ < pi/2. Thus, θ = pi/2 is a critical point of the
topological phase transition associated with a change of
the topological invariant.
Finally, we comment on previous studies of unidirec-
tional edge states27,28. The first work by Wong et al.27
considers s+p-wave superconductivity, and the unidirec-
tional Majorana edge states appear in an extraordinarily
high Zeeman field µBH ∼ |µ|. Their model is character-
ized by the band Chern number ±1, although the band
gap is closed owing to the specific choice of the d vec-
tor. In another work by Baum et al.28, s-wave supercon-
ductivity with coexisting spatially modulated magnetic
order has been studied, indicating unidirectional Majo-
rana edge states for some edge termination and disorder
strength. They proposed the surface of 3D topological
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FIG. 11. (Color online) (a)-(f) Energy spectrum of a D+p-wave SC in the gapless phase. Parameters are the same as Fig. 4(c).
(a),(b) Bulk energy spectrum projected onto the edge BZ for (a) the (010) edge and (b) the (11¯0) edge. (c),(d) Spectrum of
ribbon-shaped systems for open boundary condition along (c) the (010) edge and (d) the (11¯0) edge. The meaning of red and
green lines is the same as Fig. 8. (e) Enlargement of (d) around ka ∼ pi. (f) Energy spectrum for the azimuth angle of the
Zeeman field φ = 0. The others are same as (d). (g) Illustration of edge states in (c) (left panel) and (d) (right panel) in real
space. In the right panel, only unidirectional edge states around ka ∼ ±pi are shown, for simplicity.
insulators with spiral magnetic order as a potential plat-
form, but experimental realization by magnetic doping
remains to be a future issue. In contrast to these pro-
posals, our model covers almost all the 2D nodal noncen-
trosymmetric spin-singlet SCs under low Zeeman fields,
and may be more easily set up in experiments. Therefore,
our proposal would be more suitable for experimental re-
alization of unidirectional Majorana edge states.
V. UBIQUITOUSNESS OF UNIDIRECTIONAL
MAJORANA EDGE STATES IN
NONCENTROSYMMETRIC SYSTEMS
In this section, we clarify the generality of our scenario
for unidirectional Majorana edge states. In the previous
section, the appearance of unidirectional Majorana edge
states has been discussed based on the existence of Ma-
jorana flat bands in the absence of the Zeeman field. The
nodal d-wave superconductivity has been dealt with as an
example. However, the existence of Majorana flat bands
and unidirectional Majorana edge states may still be un-
clear for other pairing symmetry. In the following, we
prove that we can always find boundary directions host-
ing Majorana flat bands in noncentrosymmetric nodal
superconductivity, irrespective of the pairing symmetry.
Then, the discussion parallel to Sec. IV C brings about
the conclusion that unidirectional Majorana edge states
are ubiquitous in noncentrosymmetric nodal SCs under
Zeeman field.
First, we discuss boundary directions hosting Majo-
rana flat bands. The key idea for choosing the boundary
is quite simple: we can always choose an axis k′a on the
reciprocal lattice space so that all the point nodes in the
first Brillouin zone are projected onto different points on
the k′a axis. It has been shown that each of the nodes is
protected by the winding number given by Eq. (22), tak-
ing ±1, unless nodes are accidentally placed on TRIM.
Each projection of nodes onto the k′a axis accompanies
the change of the winding number W (k′a) by ±1. Thus,
a nontrivial value of W (k′a) in some region is ensured. It
means the existence of Majorana flat bands on the edge.
In the following, we call such boundary hosting Majorana
flat bands as the flat-band boundary (FBB).
For example, one of the FBBs in D + p-wave super-
conductivity is the (120) edge. Corresponding reciprocal
lattice vectors are given by α′ = xˆ, β′ = −2xˆ + yˆ.
We can use Fig. 5 to check that all the projections of
nodes are not overlapped on the k′a axis. In the same
way, we can show that all the noncentrosymmetric nodal
SCs, such as extended S + p-wave superconductivity or
s+ P -wave superconductivity, host Majorana flat bands
on FBBs.
The connection of Majorana flat bands and chiral Ma-
jorana edge states in Fig. 10 is also irrespective of pairing
symmetry. Taking FBBs, we can interpret chiral Majo-
rana edge states under the perpendicular Zeeman field as
smoothly-modified Majorana flat bands.
An advantage of considering FBBs is that all the Dirac
cones are not overlapped in the surface BZ. This makes
a sharp contrast to the (11¯0) surface in the D + p-wave
superconductivity, where four point nodes in the bulk
are overlapped at ka = 0. At the bulk nodal point k0,
the mass term and paramagnetic shift of the Dirac spec-
trum are governed by a single vector gˆ(k0). Thus, band-
overlapping leading to the disappearance of edge states
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such as Fig. 10(f) does not occur, in contrast to Fig. 11(f).
From this fact, we understand a simple bulk-edge corre-
spondence: Finite band Chern number ensures the exis-
tence of edge states on FBBs. Now, let us consider two
massive Dirac cones connected by chiral Majorana edge
states like in Fig. 10(b). Assuming electronic spins are
polarized parallel to gˆ(k1) in the left cone, while gˆ(k2) in
the right cone, we can realize the unidirectional Majorana
edge states like in Fig. 10(c), by applying the Zeeman
field satisfying
µBH · (gˆ(k1) + gˆ(k2)) = 0. (39)
Then, the paramagnetic shift of the two Dirac cones is
in the opposite direction. Thus, unidirectional Majorana
edge states generally appear on FBBs.
An exceptional case is the D3h and C3h point group
symmetry, where the g vector is parallel to the z axis
in the whole Brillouin zone. Then, an additional condi-
tion, gˆ(k1) = −gˆ(k2), has to be satisfied for the opposite
paramagnetic shift.
Thus, Majorana flat bands, chiral Majorana edge
states, unidirectional Majorana edge states, and topo-
logical phase transitions between these phases are ubiq-
uitous phenomena in noncentrosymmetric nodal SCs.
VI. CONCLUSIONS AND DISCUSSIONS
We summarize the results obtained in this paper. We
have studied noncentrosymmetric time-reversal symmet-
ric 2D nodal SCs and have examined the topological su-
perconductivity caused by the broken time-reversal sym-
metry due to a low Zeeman field. The gapful-gapless
transition in the bulk spectrum against tilting of the field
has been elucidated. The gapful phase is a strong topo-
logical superconductor of class D in the large parameter
range. The critical Zeeman-field angle is estimated to be
about θ = 6◦ for high-Tc cuprate SCs. This result re-
veals the stability of the paramagnetically induced gap-
ful topological superconductivity reported previously1,17
and points to the experimental realization.
We clarified the topological edge states in the gapful
and gapless states. In the absence of the Zeeman field,
Majorana flat bands may appear on a boundary of cer-
tain direction. We proposed a compact formula for cal-
culating the winding number protecting the flat bands.
In the perpendicular Zeeman field, chiral Majorana edge
states appear in the gap of the bulk spectrum, regardless
of the boundary direction. In the gapless phase under
the tilted Zeeman field, the Chern number is ill-defined.
However, the well-defined band Chern number character-
izes the topologically nontrivial properties. The nontriv-
ial band Chern number specifies unidirectional Majorana
edge states on the boundary avoiding the overlapping
of bulk bands. The condition for such boundary direc-
tions has been discussed. Unidirectional Majorana edge
states propagate in the same direction on both sides of
the edges. These topological phases and topological edge
states have been demonstrated by analyzing the model
for D + p-wave SCs.
It is stressed that the results obtained in this pa-
per are applicable to almost all of the spin-singlet-
dominant noncentrosymmetric 2D nodal SCs. In par-
ticular, heterostructures of high-Tc cuprate SCs and
ferromagnets41–45 are platforms realizing the topological
superconductivity. Thin films of cuprate SCs46–52 and
heavy-fermion SCs53,54 under external magnetic fields
may also be promising candidates, because the param-
agnetic effect is dominant as ensured by the large Maki
parameter. These materials are known to host d-wave
superconductivity in the bulk37.The presence and im-
portance of inversion-symmetry breaking in supercon-
ducting heterostructures have already been evidenced
by the upper critical field measurements54,55. Although
admixing of spin-triplet order parameter has not been
directly observed, inversion-symmetry breaking imme-
diately means parity admixing of the order parameter
from the group theoretical analysis. Furthermore, the
parity admixing has been demonstrated by the analy-
sis of microscopic models for spin-fluctuation-mediated
superconductivity29. Here we stress that the details of
the admixing order parameter are not important for the
appearance of unidirectional Majorana edge states1.
Note: Recently, we noticed a related paper56 in which
the band Chern number and unidirectional edge states
in topological s-wave superconductivity5–11 are studied.
However, the nodal noncentrosymmetric SCs which ubiq-
uitously show a variety of topologically superconducting
states are studied in this paper.
ACKNOWLEDGEMENTS
The authors are grateful to M. Nakagawa, S. Ikegaya,
and A. Shitade for fruitful discussions. This work
was supported by “J-Physics”(Grant No. JP15H05884)
and “Topological Materials Science” (Grant No.
JP16H00991) Grant-in Aid for Scientific Research on In-
novative Areas from MEXT of Japan, and by JSPS KAK-
ENHI Grants No. JP15K05164, and No. JP15H05745.
∗ daido@scphys.kyoto-u.ac.jp
1 A. Daido and Y. Yanase, Phys. Rev. B 94, 054519 (2016).
2 X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057
(2011).
3 M. Sato and S. Fujimoto, J. Phys. Soc. Jpn. 85, 072001
(2016).
4 M. Sato and Y. Ando, ArXiv e-prints (2016),
arXiv:1608.03395 [cond-mat.supr-con].
11
5 M. Sato, Y. Takahashi, and S. Fujimoto, Phys. Rev. Lett.
103, 020401 (2009).
6 M. Sato, Y. Takahashi, and S. Fujimoto, Phys. Rev. B 82,
134521 (2010).
7 J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Phys. Rev. Lett. 104, 040502 (2010).
8 J. Alicea, Phys. Rev. B 81, 125318 (2010).
9 R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev.
Lett. 105, 077001 (2010).
10 V. Mourik, K. Zuo, S. M. Frolov, S. R. Plissard, E. P.
A. M. Bakkers, and L. P. Kouwenhoven, Science 336,
1003 (2012).
11 S. Nadj-Perge, I. K. Drozdov, J. Li, H. Chen, S. Jeon,
J. Seo, A. H. MacDonald, B. A. Bernevig, and A. Yazdani,
Science 346, 602 (2014).
12 L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).
13 M.-X. Wang, C. Liu, J.-P. Xu, F. Yang, L. Miao, M.-Y.
Yao, C. L. Gao, C. Shen, X. Ma, X. Chen, Z.-A. Xu, Y. Liu,
S.-C. Zhang, D. Qian, J.-F. Jia, and Q.-K. Xue, Science
336, 52 (2012).
14 J.-P. Xu, C. Liu, M.-X. Wang, J. Ge, Z.-L. Liu, X. Yang,
Y. Chen, Y. Liu, Z.-A. Xu, C.-L. Gao, D. Qian, F.-C.
Zhang, and J.-F. Jia, Phys. Rev. Lett. 112, 217001 (2014).
15 J.-P. Xu, M.-X. Wang, Z. L. Liu, J.-F. Ge, X. Yang, C. Liu,
Z. A. Xu, D. Guan, C. L. Gao, D. Qian, Y. Liu, Q.-H.
Wang, F.-C. Zhang, Q.-K. Xue, and J.-F. Jia, Phys. Rev.
Lett. 114, 017001 (2015).
16 H.-H. Sun, K.-W. Zhang, L.-H. Hu, C. Li, G.-Y. Wang, H.-
Y. Ma, Z.-A. Xu, C.-L. Gao, D.-D. Guan, Y.-Y. Li, C. Liu,
D. Qian, Y. Zhou, L. Fu, S.-C. Li, F.-C. Zhang, and J.-F.
Jia, Phys. Rev. Lett. 116, 257003 (2016).
17 T. Yoshida and Y. Yanase, Phys. Rev. B 93, 054504 (2016).
18 A. P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Lud-
wig, Phys. Rev. B 78, 195125 (2008).
19 A. P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Lud-
wig, AIP Conf. Proc. 1134, 10 (2009).
20 A. Kitaev, AIP Conf. Proc. 1134, 22 (2009).
21 S. Ryu, A. P. Schnyder, A. Furusaki, and A. W. W. Lud-
wig, New J. Phys. 12, 065010 (2010).
22 T. Morimoto and A. Furusaki, Phys. Rev. B 88, 125129
(2013).
23 K. V. Samokhin, Phys. Rev. B 92, 174517 (2015).
24 K. Yada, M. Sato, Y. Tanaka, and T. Yokoyama, Phys.
Rev. B 83, 064505 (2011).
25 M. Sato, Y. Tanaka, K. Yada, and T. Yokoyama, Phys.
Rev. B 83, 224511 (2011).
26 A. P. Schnyder and S. Ryu, Phys. Rev. B 84, 060504
(2011).
27 C. L. M. Wong, J. Liu, K. T. Law, and P. A. Lee, Phys.
Rev. B 88, 060504 (2013).
28 Y. Baum, T. Posske, I. C. Fulga, B. Trauzettel, and
A. Stern, Phys. Rev. B 92, 045128 (2015).
29 E. Bauer and M. Sigrist, eds., Non-Centrosymmetric Su-
perconductors: Introduction and Overview, Lecture Notes
in Physics, Vol. 847 (Springer, Berlin, Heidelberg, 2012).
30 V. Barzykin and L. P. Gor’kov, Phys. Rev. Lett. 89, 227002
(2002).
31 O. V. Dimitrova and M. V. Feigel’man, Pis’ma Zh. Eksp.
Teor. Fiz. 78, 1132 (2003).
32 D. F. Agterberg and R. P. Kaur, Phys. Rev. B 75, 064511
(2007).
33 P. Fulde and R. A. Ferrell, Phys. Rev. 135, A550 (1964).
34 A. I. Larkin and Y. N. Ovchinnikov, Zh. Eksp. Teor. Fiz.
47, 1136 (1964).
35 Y. Yanase and M. Sigrist, J. Phys. Soc. Jpn. 76, 124709
(2007).
36 S. Fujimoto, J. Phys. Soc. Jpn. 76, 051008 (2007).
37 Y. Yanase, T. Jujo, T. Nomura, H. Ikeda, T. Hotta, and
K. Yamada, Phys. Rep. 387, 1 (2003).
38 Y. Xiong, A. Yamakage, S. Kobayashi, M. Sato, and
Y. Tanaka, Crystals 7, (2),58 (2017).
39 K. V. Samokhin and S. P. Mukherjee, Phys. Rev. B 94,
104523 (2016).
40 D. J. Thouless, M. Kohmoto, M. P. Nightingale, and
M. den Nijs, Phys. Rev. Lett. 49, 405 (1982).
41 J. Chakhalian, J. W. Freeland, G. Srajer, J. Strempfer,
G. Khaliullin, J. C. Cezar, T. Charlton, R. Dalgliesh,
C. Bernhard, G. Cristiani, H.-U. Habermeier, and
B. Keimer, Nat. Phys. 2, 244 (2006).
42 D. K. Satapathy, M. A. Uribe-Laverde, I. Marozau, V. K.
Malik, S. Das, T. Wagner, C. Marcelot, J. Stahn, S. Bru¨ck,
A. Ru¨hm, S. Macke, T. Tietze, E. Goering, A. Fran˜o´, J. H.
Kim, M. Wu, E. Benckiser, B. Keimer, A. Devishvili, B. P.
Toperverg, M. Merz, P. Nagel, S. Schuppler, and C. Bern-
hard, Phys. Rev. Lett. 108, 197201 (2012).
43 M. A. Uribe-Laverde, S. Das, K. Sen, I. Marozau, E. Per-
ret, A. Alberca, J. Heidler, C. Piamonteze, M. Merz,
P. Nagel, S. Schuppler, D. Munzar, and C. Bernhard,
Phys. Rev. B 90, 205135 (2014).
44 K. Sen, E. Perret, A. Alberca, M. A. Uribe-Laverde,
I. Marozau, M. Yazdi-Rizi, B. P. P. Mallett, P. Mar-
sik, C. Piamonteze, Y. Khaydukov, M. Do¨beli, T. Keller,
N. Biˇskup, M. Varela, J. Vasˇa´tko, D. Munzar, and
C. Bernhard, Phys. Rev. B 93, 205131 (2016).
45 S. Das, K. Sen, I. Marozau, M. A. Uribe-Laverde,
N. Biskup, M. Varela, Y. Khaydukov, O. Soltwedel,
T. Keller, M. Do¨beli, C. W. Schneider, and C. Bernhard,
Phys. Rev. B 89, 094511 (2014).
46 A. T. Bollinger, G. Dubuis, J. Yoon, D. Pavuna, J. Mis-
ewich, and I. Bozovic, Nature 472, 458 (2011).
47 J. Garcia-Barriocanal, A. Kobrinskii, X. Leng, J. Kinney,
B. Yang, S. Snyder, and A. M. Goldman, Phys. Rev. B
87, 024509 (2013).
48 R. Werner, C. Raisch, A. Ruosi, B. A. Davidson, P. Nagel,
M. Merz, S. Schuppler, M. Glaser, J. Fujii, T. Chasse´,
R. Kleiner, and D. Koelle, Phys. Rev. B 82, 224509 (2010).
49 K. Jin, W. Hu, B. Zhu, D. Kim, J. Yuan, T. Xiang, M. S.
Fuhrer, I. Takeuchi, and R. L. Greene, Sci. Rep. 6, 26642.
50 X. Leng, J. Garcia-Barriocanal, S. Bose, Y. Lee, and A. M.
Goldman, Phys. Rev. Lett. 107, 027001 (2011).
51 S. W. Zeng, Z. Huang, W. M. Lv, N. N. Bao, K. Gopinad-
han, L. K. Jian, T. S. Herng, Z. Q. Liu, Y. L. Zhao, C. J.
Li, H. J. Harsan Ma, P. Yang, J. Ding, T. Venkatesan, and
Ariando, Phys. Rev. B 92, 020503 (2015).
52 T. Nojima, H. Tada, S. Nakamura, N. Kobayashi, H. Shi-
motani, and Y. Iwasa, Phys. Rev. B 84, 020502 (2011).
53 M. Izaki, H. Shishido, T. Kato, T. Shibauchi, Y. Matsuda,
and T. Terashima, Appl. Phys. Lett. 91, 122507 (2007).
54 M. Shimozawa, S. K. Goh, R. Endo, R. Kobayashi,
T. Watashige, Y. Mizukami, H. Ikeda, H. Shishido,
Y. Yanase, T. Terashima, T. Shibauchi, and Y. Matsuda,
Phys. Rev. Lett. 112, 156404 (2014).
55 S. K. Goh, Y. Mizukami, H. Shishido, D. Watanabe, S. Ya-
sumoto, M. Shimozawa, M. Yamashita, T. Terashima,
Y. Yanase, T. Shibauchi, A. I. Buzdin, and Y. Matsuda,
Phys. Rev. Lett. 109, 157006 (2012).
56 L. Hao and C. S. Ting, Phys. Rev. B 94, 134513 (2016).
